ABSTRACT This paper investigates the outage performance of an overlay multiuser hybrid satelliteterrestrial spectrum sharing system. Herein, we exploit both direct and relay links from a primary satellite source to multiple terrestrial users with the coexistence of a secondary transmitter-receiver pair on the ground. Based on an overlay approach, the secondary transmitter provides an amplify-and-forward-based relay cooperation to the primary satellite network that employs opportunistic scheduling of multiple users. The underlying user scheduling strategy is based on satisfying the criterion of minimal outage probability (OP) for the primary network and, eventually, exploring more opportunities of the spectrum sharing for the secondary terrestrial network. By considering the widely adopted Shadowed-Rician fading model for the satellite links while the Nakagami-m fading model for the terrestrial links, we derive the analytical expressions for the OP of the primary satellite network and the secondary terrestrial network and further highlight the corresponding achievable diversity orders. We also examine the impact of power splitting factor for spectrum sharing between primary and secondary networks.
I. INTRODUCTION
Hybrid satellite-terrestrial relay networks (HSTRNs) have received a considerable attention as they can provide broad coverage and uninterrupted data connectivity. Performance of such systems are mainly hampered due to shadowing and obstacles causing masking effect, which may disrupt the line-of-sight (LOS) communication between satellite and terrestrial user [1] , [2] . Plenty of research have been done for HSTRNs using amplify-and-forward (AF) [3] - [5] and decode-and-forward (DF) [6] , [7] based relaying schemes.
On another front, cognitive radio (CR) technology has been appeared as a prominent solution for alleviating the spectrum under-utilization problem in the wireless communication systems [8] . In CR networks, secondary users (SUs) get an opportunity to access the spectrum along with the licensed primary users (PUs) in exchange for the cooperation without degrading the quality of service (QoS) requirements of the primary network. The CR technology offers two important models for the spectrum access, viz., underlay spectrum sharing and overlay spectrum sharing. Particularly, in an underlay model [9] , the power at the SU is constrained to satisfy the interference power criterion towards the PU. Whereas, in an overlay model, the SU helps in the transmission of the PU's signal on a priority basis through cooperative relaying, and in return, it gets an opportunity for spectrum access [10] , [11] . Thus, overlay model does not impose tight restriction on transmit power of the SU. Integration of these models into satellite communication can make a remarkable improvement in the performance of next generation wireless networks. The improvement in performance can be offered in terms of spectrum efficiency, seamless data connectivity, wide coverage, etc. The majority of the current works have analyzed the performance of underlay models for the hybrid satellite-terrestrial systems [12] - [14] . Whereas, in some other works, various aspects of cooperative and cognitive hybrid satellite-terrestrial networks have been considered [15] . Sharma et al. [16] , [17] have considered the overlay scenario by considering multiple secondary relays, however, by assuming single PU. Nevertheless, future satellite communication systems are required to satisfy a large number of PUs by providing high information transfer rate at a reasonable cost and QoS. Although, few works have examined the multiuser spectrum sharing schemes [18] - [21] , they are intended for terrestrial systems under homogeneous Nakagami-m or Rayleigh fading channels. However, for a hybrid satellite-terrestrial system, performance analysis of such multiuser spectrum sharing schemes over heterogeneous fading channels has not been done so far. It is worth pointing that such analysis postures new mathematical intricacies because of complicated channel modeling and optimal scheduling of multiple PUs with involved correlation due to a common satellite-relay link.
Inspired by the preceding discussion, in this paper, we examine an overlay multiuser hybrid satellite-terrestrial spectrum sharing (OMHSTSS) system. Herein, we consider a downlink communication scenario where a primary satellite communicates with one of the best selected terrestrial users with the cooperation of a secondary network comprising a single transmitter-receiver pair on the ground. The secondary transmitter (ST) can act as an AF relay for the primary satellite communications and share the spectrum for its own transmission. Relying on the overlay paradigm, the ST splits its power in such a way that some of its available power is used to relay the signal from the satellite and the rest is used to transmit its own signal. Particularly, our main contributions can be outlined as follows:
• We propose an OMHSTSS system where opportunistic selection criterion for the best satellite user is designed by exploiting both the direct and relay links in an optimal manner. The underlying PU selection strategy is based on satisfying the criterion for minimal outage probability (OP) of the primary network, and eventually, getting an opportunity for secondary spectrum access. For this, we first characterize the end-to-end signal-tonoise ratios (SNRs) over the hybrid channels.
• By considering the Shadowed-Rician fading model for the satellite links while the Nakagami-m fading model for the terrestrial links, we proficiently derive the closed-form expressions of the OP for the primary and secondary networks. Hereby, we discuss the power allocation policy to explore more opportunities for the secondary spectrum access.
• We further derive the asymptotic behavior of the OP expressions to delve into the diversity performance of the primary and secondary networks. In addition, we consider both heavy shadowing (HS) and average shadowing (AS) scenarios for the satellite links to provide more insight into the system performance. The rest of this paper is organized as follows. In Section II, we elaborate the OMHSTSS system by deriving the end-toend SNRs over hybrid channels. We characterize the hybrid channels and analyze the outage performance of the primary network in Section III. The performance of the secondary network is investigated in Section IV. Section V illustrates the numerical and simulation results, and finally the conclusion is presented in Section VI.
II. SYSTEM MODEL
As illustrated in Fig.1 , we consider an OMHSTSS system wherein a primary satellite network and a secondary terrestrial network coexist over the same spectrum. Primary satellite A wants to communicate with one out of other K PUs {B k } K k=1 and the ST node C is seeking the spectrum access opportunities to establish the communication with its intended secondary receiver (SR) D. Hereby, ST employs AF-based relay cooperation towards assisting the primary transmission, and in exchange, it can share the spectrum with primary satellite source to transmit its own signal to node D. The channel coefficients corresponding to the various links A→B k , A→C, A→D, C→B k , and C→D are represented by h ab k , h ac , h ad , h cb k , and h cd , respectively. The effect of an additive white Gaussian noise (AWGN) with mean zero and variance σ 2 is considered at all the receiving nodes. Hereby, with the aid of an AF relay cooperation, the end-toend communication occurs in two time phases. For this, a PU is appropriately selected (say B k ) based on some criterion which will be disclosed in the subsequent section. During the first phase of the information transfer, satellite A transmits an information signal x a (obeying E[|x a | 2 ] = 1, where E[·] denotes expectation) to B k which is simultaneously being received by the secondary nodes C and D. Accordingly, the signals received at B k , C, and D can be expressed as
where i ∈ {b k , c, d}, P a denotes the transmission power at node A, and the term n ai represents the AWGN. During the second phase, the node C first uses the AF relaying technique to forward the primary signal y ac to node B k and, at the same time, it intends to transmit its own information signal x c to node D. For this simultaneous transmission, the node C uses some power allocation policy and splits its transmit power P c for superimposing the signals x c and y ac to generate a combined signal which can be given as z c = µP c y ac
Hereby, µ ∈ (0,1) represents the power allocation factor. Thus, the signals received at the respective nodes B k and D, represented by y cb k and y cd , from C can be written as
where j ∈ {b k , d} and n cj is the AWGN. As such, the end-toend SNR at B k via direct link can be given as
whereas, via relay link, it can be expressed as
where
, it is apparent that the signal received at node D includes a component x a from primary signal which creates an interference for the SR. This interference can be further successfully cancelled out by considering an assumption that the primary signal received at node D in the first transmission phase is decoded properly [10] . Thus, the end-to-end SNR at D can be expressed as
where cd = η c |h cd | 2 .
III. OUTAGE PERFORMANCE OF PRIMARY NETWORK
In this section, we analyze the performance of the primary network by deriving analytical expressions for OP. We examine the OP with or without spectrum sharing while considering the existence of a potential direct (A − B k ) link. Further, we assess the diversity order by deriving the asymptotic OP expression. Moreover, we evaluate the effective value of power allocation factor µ for spectrum sharing between primary and secondary networks. For subsequent performance analysis, we first characterize the statistics for underlying hybrid channels.
A. STATISTICAL CHARACTERIZATIONS FOR CHANNELS
Considering the Shadowed-Rician fading for the pertinent satellite links, the probability density function (PDF) of the channel gains |h ai | 2 , for i ∈ {b k , c, d}, can be obtained as [3] 
with 2 ai and ai be the respective average powers of the multipath components and LOS, m ai denotes fading severity parameter, and 
Since, we consider Nakagami-m faded channels for the terrestrial links of the considered network, the channel gains |h cj | 2 , for j ∈ {b k , d}, are assumed to follow the Gamma distribution with average power cj and fading severity m cj . Hence, the PDF and CDF of cj = η c |h cj | 2 can be given, respectively, as
and
where (·) and ϒ(·, ·) represent, respectively, the complete gamma function and the lower incomplete gamma function [25, [4] , [5] , we follow independent and identically distributed channels towards the multiple PUs by considering that they are clustered relatively close together. As such, we omit the index k, for convenience, from all the notations of the pertaining channel parameters in the succeeding sections.
B. DIRECT SATELLITE TRANSMISSION (DST) ONLY
Let us consider the case of DST only where a best user is being selected. In this case, the OP of primary network, for a threshold rate R p , is given by
Hereby, to minimize the OP, we have used the selection criteria based on maximizing ab k . As such, (12) can be further expressed as
where γ p = 2 R p − 1. From here, the OP can be evaluated using (9) . Further, to obtain the asymptotic OP, it can be approximated at high SNR as
It can be clearly seen from (14) that the achievable diversity order is K irrespective of the fading severity parameter m ab .
C. SPECTRUM SHARING WITH DST
Let us now consider the case when spectrum sharing is allowed and the DST also exists. Hereby, we utilize the maximal-ratio combining between (4) and (5) with best PU selection. The best PU will be selected based on minimizing the OP of the primary network. Consequently, the OP for primary network in OMHSTSS system, for a threshold rate R p , can be expressed as
where (k) = ab k + acb k and γ p = 2 2 R p − 1. To solve (15) further, order statistics can not be applied directly as in the earlier case. Since { (k) } K k=1 include a common term Y ac , this makes the random variables { (k) } K k=1 correlated. Hence, to proceed further, we find the K th order statistic, which is conditioned on Y ac = u, to represent
To solve (16), we need to evaluate the conditional CDF F (k) (γ p |u), which can be expressed as
Now, from (17), we first compute the CDF F acb k (ϕ|u), which can be written as
To evaluate (18), we can represent the SNR expression for acb k from (5), after some manipulations, as
Further, at high SNR regime, (19) can be approximated as
where ξ = 1−µ µ . Now, making use of the harmonic mean approximation for a minimum of two positive numbers [4] , (20) can be written as
Note that although the approximation in (21) is based on a high SNR assumption, it leads to quite accurate results in entire range of operating SNR as illustrated in Sec. V. Hereby, on inserting (21) into (18) , and after performing some manipulations, (18) can be modified as
which can be further expressed as
where ς(ϕ) = µ 1 ϕ − ξ . Consequently, the required CDF can be deduced as
Even utilizing the above CDF expression in (17) , it is still troublesome to obtain a closed-form solution. Therefore, with the help of a M -step staircase approximation approach [23] for the involved triangular integral region in (17), the conditional CDF can be expressed as
Now, using (24) into (25) (24) . Hence, for solving the integration in (16), we consider the different ranges of u as
As it can be notified from (26) that each integral component is having different region of u for which the integrands will not remain same, it must be evaluated carefully. Hereby, invoking the result from (25) and (24), P out (R p ) in (26) can be expressed in the form as shown in (27) (9) and (11) into (27) to obtain the desired OP expression. Now, one can derive the expression for asymptotic OP for the primary network to provide insight on the achievable diversity order. In the high SNR regime (η a = η c = η) → ∞ , CDFs used in (9) and (11) can be approximated [4] as
On inserting the above approximated CDF expressions into (27), an asymptotic OP can be expressed as in (29), as shown at the top of the next page. From this, it can be inferred that the diversity order of the primary network is K + min(1, m cb K ) and it does not depend on the fading severity parameters of the satellite links.
D. POWER ALLOCATION FACTOR µ FOR SPECTRUM SHARING
Regarding the power allocation strategy for the ST, we need to obtain an appropriate value of µ while satisfying the QoS criterion of the primary network. From (23), the condition ξ < 1 ϕ can be re-expressed as ϕ < µ , where µ = 1 ξ or µ 1−µ . Hereby, for a certain threshold γ p , the allowable range of power allocation factor of the primary network can be calculated as γ p 1+γ p < µ < 1. Relying on the imposed QoS constraint, the ST can decide the effective value of µ so that the OP of primary network in OMHSTSS system lies below or at most equal to that for DST only scheme. Accordingly, the value of µ is obtained numerically depending on the following condition [10] 
Moreover, a lesser value of µ can provide more spectrum sharing opportunities towards the secondary network.
IV. OUTAGE PERFORMANCE OF SECONDARY NETWORK
Considering a threshold rate R s , the OP of the secondary network can be given by
which can be expressed using (6) and performing some manipulations as
where γ s = 2 2R s − 1. Hereby, to evaluate the P out (R s ), we first make use of the bound XY X +Y < min(X , Y ) [22] to VOLUME 6, 2018
approximate (32) as
The evaluation of (33) requires the CDF of ac +1, which can be obtained by applying the transformation of variables as
Since the CDF in (34) is not continuous for x ∈ [0, ∞), the OP in (33) can be expressed as
where the CDF of µ cd can be determined using (11) as
Note that our derived OP expression for secondary network is also generalized as in the earlier case of primary network. To further delve into the system performance, we evaluate the asymptotic OP expression at high SNR regime (η a = η c = η) → ∞ , using the approximated CDF expressions given in (28), as
From (37), it can be inferred that the secondary network achieves a diversity order of min(1, m cd ) for the high rate requirements while, for the low rate requirements, the diversity order can be decided mainly through parameter m cd .
V. NUMERICAL AND SIMULATION RESULTS
In this section, numerical and simulation results are presented to elucidate the effect of important parameters on the performance of OMHSTSS system. For this, we set 2 demonstrates the OP versus SNR curves for primary network by setting µ = 0.70. Particularly, analytical and asymptotic OP curves are drawn for HS and AS scenarios, and by seeing the curves, it can be inferred that both the curves are well matched with the exact simulation results at medium to high SNR regime. For the comparison purpose, the OP curves for the DST scheme are also plotted. Hereby, it can be verified that considered OMHSTSS can outperform the DST only scheme, especially in mid-to-high SNR regimes. Further, it can be notified that outage performance is significantly improved due to exploitation of diversity by considering the case of multiuser scheduling. Moreover, the resulting diversity order of K + min(1, m cb K ) can be validated using the pertinent curves. Fig. 3 depicts the desirable values of the spectrum sharing factor µ for the considered network under HS and AS scenarios. Relying on the spectrum sharing condition given in Sec. III-D, we obtain the critical value of µ (say µ * ) at the intersecting points between the curves of OMHSTSS and DST only schemes. For γ p = 1, the acceptable limit of µ * is 0.5 < µ * < 1 which is based on the condition
Thus, all the OP curves exhibit unity value for µ ≤ 0.5 and this could drive the system into outage. Moreover, for a given SNR, it can be observed that µ * increases with an increase VOLUME 6, 2018 of K . This is owing to the better performance of DST only scheme as compared to OMHSTSS in a low SNR regime. However, as SNR increases, one can realize the decrease in the values of µ * which suggests that the spectrum sharing is possible for these cases. On the contrary, it improves the outage performance of the secondary network by providing more power for spectrum access. Fig. 4 illustrates the OP versus SNR curves for the secondary network. Here, we set two values µ = 0.75 and µ = 0.60, while cd = 1, to obtain the analytical and asymptotic curves using the derived OP expressions from Sec. IV. One can clearly observe that the analytical and asymptotic curves are in agreement with the exact simulation results in the medium to high SNR regime. Analyzing the respective curves, one can also verify the diversity order. For instance, at high rate requirement i.e., γ s = 1, it can be seen that the diversity order is unity irrespective of the fading parameter m cd . In contrast, at low rate requirement, i.e., γ s = 0.3, the diversity order solely depends on the fading severity parameter m cd . Moreover, one can see the improvement in OP performance of secondary network while decreasing the values of µ.
VI. CONCLUSION
We have analyzed the performance of an OMHSTSS system in which a secondary terrestrial network competes for spectrum access with a primary satellite network. Unlike other existing works, we have considered the multiuser downlink scenario where opportunistic selection criterion for the best satellite user is designed by exploiting both the direct and the relay links in an optimal manner. We assessed the overall system's performance by deriving the closed-form expressions of outage probability for both primary and secondary networks and highlighting the corresponding achievable diversity orders. We also provided useful insights on power splitting factor to explore additional spectrum sharing opportunities towards the secondary network. 
